While patient-based breast phantoms are realistic, they are limited by low resolution due to the image acquisition and segmentation process. The purpose of this study is to restore the high frequency components for the patient-based phantoms by adding power law noise (PLN) and breast structures generated based on mathematical models. First, 3D radial symmetric PLN with β=3 was added at the boundary between adipose and glandular tissue to connect broken tissue and create a high frequency contour of the glandular tissue. Next, selected high-frequency features from the FDA rule-based computational phantom (Cooper's ligaments, ductal network, and blood vessels) were fused into the phantom.
Introduction
Two types of computational breast phantoms have been developed by earlier studies. One is rule-based phantoms, in which all breast structures are generated based on mathematical models. The other approach is patient-based phantoms, where breast features are voxelized from real patient images. Previous work in our lab has generated patent-based breast phantoms through segmentation of patient breast CT (bCT) scans. Compared with rule-based breast phantoms, the patient-based phantoms have higher degree of realism. However, due to the process of image acquisition, reconstruction, denoising, and segmentation, some of the finer details of the breast structure are lost. The goal of this research is to restore the high frequency components lost in the imaging process, by adding high frequency power law noise and rule-based breast structures, such as Coopers' ligaments, blood vessels, and ductal network, so that the new 'hybrid' phantoms will have both high realism and high resolution. 
METHODS

Original phantoms
Ten patient-based phantoms were generated through segmentation of breast CT (bCT) images.
[1] These phantoms were based on a new cohort of 150 patients acquired on a Koning breast CT prototype system. These cases were reconstructed with filtered back projection (FBP) and had isotropic reconstructed voxel size of 155 x 155 x 155 µm. A previously published finite element technique [2] was used to compress the uncompressed phantoms with the same voxel size. For each phantom, six successive integers were assigned according to bCT intensity. The phantoms were compressed into four standard skin "shells" depending on their original mean thickness. Figure 1 shows some examples of the original compressed phantoms used in this study. 
Power Law Noise
Three dimensional radial symmetric power law noise (PLN) with exponent β=3 was generated in order to coincide with the observed power spectrum behavior of real mammogram images. [3] The PLN was binarized by the threshold of 75% of its maximum, and added within 0.8 mm around the boundary between adipose and glandular tissue, so that the glandular tissue which was broken during the segmentation process can be potentially reconnected and have a higher frequency contour. 
Cooper's Ligament, Ductal Network, and Blood Vessels
Cooper's ligaments were implemented by Perlin-noise perturbed spheroids, which enclose volumes on the order of 1ml.
The Ductal system emanating from the nipple was generated using a recursive random branching algorithm. Each segment of the ductal tree is represented by a toroidal section. The vascular network was generated using a similar process originating from the chest wall side of the phantom. [4] The ligaments, ducts and vessels were matched randomly with the compressed phantoms after their independent generation.
Power Spectrum Analysis
Power spectrum analysis were used to reveal the distribution of frequency components for the original and enhanced phantoms. The Power spectra were calculated for the DBT reconstructed planes of the original phantoms, phantoms with PLN, and phantoms after complete restoration (phantoms with PLN, Cooper's ligaments, ductal network, and blood vessels). ROIs of 23 x 23 mm 2 overlapping by 50% in both x and y directions were taken from the middle 50% (i.e., 25 to 75%) of the reconstructed planes. The Hanning window was applied prior to Fourier transform to reduce the spectral leakage. Log-log plots of radially averaged PS versus frequency within the range of 0.2-0.7 %& were fitted linearly in order to calculate the power exponent β. [5] Proc. of SPIE Vol. 10132 101321W-3
RESULTS
The effects of each step of the restoration, including the addition of PLN, Cooper's ligaments, ductal network and blood vessels are demonstrated in Figure 3 , which shows 2D projections of the phantom without x-ray physics. Additional examples of 3D DBT reconstruction slices are provided in Figure 4 Calculated from DBT reconstruction volumes, the average power exponent β of the original phantom is 3.12, the 
NEW AND BREAKTHROUGH OF THE WORK
This is the first time rule-based phantoms have been fused with patient-based phantoms. The advantages of the two were combined, so that the new hybrid phantoms maintain the realistic anatomy from bCT images, but also have the high resolution structures from anthropomorphic mathematical models. 
CONCLUSION
Rule-based power law noise (PLN), Cooper's ligaments, ductal network and blood vessels have been added to patient-based phantoms. According to the power spectrum analysis, high frequency components have been added to the original phantom. These new phantoms will allow a new level of realism for virtual clinical trials of breast imaging systems.
